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SUMMARY

Measurementsoflift,drag,andpitthingmoment
foilweremadeinicingusingtwotypesofpneumatic

llllLbb/34

ONAERODYNAMIC

ofm NACA0011air-
de-icers,onehaving

spanwiseinflatabletubesandtheotherhavingchordtisetubes.Icere-
mainingafteriuflationofthespanwise-tubede-icerincreasedairfoil
sectiondrag7 to 37percentfor0°to4.6°angleofattackoverthe
rangesofairspeed,totalairtemperature,liquid-watercontent,and
cycletimescovered.Thisdr% increasebecameconstantaftera fewde-
icingcyclei3.Dragincreasesdueto iceremainingonthechordwise-tube
de-icerweresimilartothoseforthespaqwise-tubede-icer.MLnimum
airfoildraginicing(averagedovera de-icingcycle)wasusuallyob-
tainedwitha short(about1 rein)de-icingcycle.

Alternatetubeinflationwasnormallyused,wherebyeveryothertube
wasinflatedanddeflated,followedby inflationanddeflationofthere-
mainingtubes.Indryair,alternateinflationofthespanwisebootin-
creasedairfoildrag(averagedovera l-tincycle)by 10to16percent.
Simultaneoustubeinflationreducedthe10-percentincreaseto 3.2per-
cent.Inflatingthechordtiseboothada negligibleeffectonaverage
airfoildrag.

Withthede-icerinoperative,rime-iceformationsof0.5poundper
footspanincreasedairfoilsectiondrag36to 67percentanddecreased
liftup to4 percentforO0 to4.6°a@e ofattack.Thessmeamountof
ridge-typeglazeiceincreaseddrag124to 230percentanddecreased
liftlupto 20percentfor0°to 9.3°angleofattack.Tohelpdetermine
theeffectofsizeandlocationofridge-t~eiceformationsondrag,
s~antisespoilersweremountedonthebareairfoilat variouschordwise
positions.l?romthesedata,thedragincreasewasfoundto varyalmost
directlywithspoilerheightandthelocalairvelocityoverthebare
airfoil.
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INTRODUCTION

Iceformationsonaircraftwingscanbe removedby heatingthesur-
faces,by mechanicalremovslsystems,or%y chemicalmeans(freezing-
pointdepressants). PreviousNACAicingInvestigationshavebeencon-
cernedlargelywiththermalmethodsof iceprotection.Thepresentstudy
isaninvestigationofthepneumatic-bootmechanicalde-icingsystem.

Pneumaticde:icershaveseversladvantagesoverthermalde-icing
systems.Theairflowrequiredforoperationofthepneumaticsystemis
verysmsllcomparedwithflowratesfora hot-gasde-icingsystem.Also,
pneumaticde-icersmaybe addedtoan existingaircraftwithlittledif-
ficulty,whereasa hot-gassystemmustbe designedandbuiltaspartof
theoriginslaircraftstructure.A cyclicelectricde-icingsystemgen-
erallyisheavierandconsumesmch morepowerthanthepneumaticsystem.
Thetotelweightofa cyclicelectricsystemforan interceptoraircraft
is showninreferencelto be 269poundscompsredwith79poundsforthe
pneumaticsystem.

Pneumaticde-icerbootshavelongbeenusedtode-icethewingand .
tailsurfacesofaircraft.Theearlyde-icers,whichoperatedatlow
inflationpressuxes,hadseverallargeinflatabletubesrunningspanwise
alongtheairfoilleading-edgesection.Iceformationswereremovedby

.

periodicinflationanddeflationofthede-icertubesaccomplishedby
alternateapplicationsofairpressureandvacuumtothetubes.The
bootsweresecuredtotheairfoilby spanwisemetalstrips.

As aircraftspeedsincreased,operationaldifficultieswiththe
earlybootswereencountered,andimprovedde-icingperformancewas
sought. Insreasoflowstaticpressureovertheairfoils,autoinfla-
tionofthetubesoccurredanddisruptedtheairflowoverthesurfaces:
Liftingoftheentirebootawayfromtheairfoilsurfacesalsooccurred
duringcertainphasesofoperation.Duringtheinflationportionofthe
cycle,largedragincreasesandliftdecreasesoccurredbecauseofthe
spoileractionofthelargeinflatedtubes.Inaddition,thede-icing
performanceofthebootswasnotalwaysreliable,andoccasionallyan
icecapwouldnotbe shedfromthewingleadingedge.

Toreducetheaerodynamiceffectsduringbootinflationandto im-
provethede-icingeffectiveness,a newtypepneumaticde-icerbootwas
developedbythemanufacturer.Thenew-styleboot,currentlyinuseon
sometransport&craft, consistsofa largenuniberof smallspanwise
tubesoperatingwitha highinflationpressure(ref.2). A highvacuum
sourceisusedtopreventautoinflationofthetubesduringthedefla-
tionperiod,andcementingtheboottotheairfoilsurfaceeliminates
theboot-liftingproblem.Thelsrgenuniberof smalltubesareusedto
reducetheliftanddragpenaltiesduringinflationbecauseofthere-
ducedspoilereffectofthesmalltubes.Thesmalltubesalsoimprove

-—- —— —— —
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thede-icingperformanceby providinga ~eaterlocalsurfacecurvature
duringinflationto aidincrackingtheicefromtheboot,aswellas
providingmorepointsforicefractuie.

Pneumaticbootswithspanwiseinflationtubesmaycausebuffeting
whenlocatedaheadof controlsurfaces.To eliminatethisproblem,
anotherboot,consistingofsmalltubesrunningchordwisefromthelead-
ingedge,wasrecentlydeveloped.Theuseof chordtisetubesshould
greatlyreducetheaerodynamicpenaltiesduringtubeinflation.Itis
possible,however,thatde-icingdifficultiesmayariseneartheleading
edgewherethesurfacecurvaturemaypreventsufficientstretchingof
thetubes.

Severalpreviousaerodynamicstudieshavebeenmadeto determinethe
dragincreaseofde-icerbootsinstalledon smoothairfoils(refs.3 and
4). Dragincreasesindryairforinflationoftheold-stylebootsare
showninreference3,butdragdatawithbootsinflatedarenotavailable
forthenewtypebootsnowinuse. No dataexistontheaerodynamicpen-
altiesassociatedwithcyclicoperationofthebootsinicingconditions.
Penaltiesdueto iceremainingonthebootsafterinflationhavenotbeen
previouslyassessed.Dragincreaseresultingfromsuchresidualicemay
persistfora considerableperiodoftimeaftertheaircraftemergesfrom
icingconditionsbecauseoftheslowremovaloficeby sublimation.The
effectivenessofpneumaticde-icerscanbestbe obtainedby comparingthe
aerodynamicpenaltiesinicingconditionsforanunprotectedairfoilsur-
facewithanairfoilequippedwitha boot.,Dragpenaltiesforunpro-
tectedairfoilsinicingconditionssregiveninreferences5 and6,but
liftandpitchingmomentwerenotmeasured.

Abetterunderstandingoftheperformanceandpenaltiesofpneumatic
de-icersin icingconditionswouldaidinselectingice-protectionsys-
temsforaircraftunderdevelopmentandintheoperationofde-icerboots
alreadyinstalledonaircraft.Forthesereasons,thepresentstudywas
conductedintheNACALewislaboratoryicingtunnelusinganNACA0011
airfoilequippedwithbothspanwise-andchordwise-tubede-icerboots.
Theobjectivesoftheinvestigationwereto determinetheeffectsof (1)
primaryandresidualiceformationsonairfoillift,drag,andpitch,
(2)bootinstallationandinflationonairfoilliftanddrag,and(3)
vsriouscycles,sequences,andmethodsofde-iceroperationonairfoil
drag.Aerodynamiceffectsofprimaryiceformationsby meansof spoilers
werealsostudied.

SYMBOI.S

CD airfoilsectiondragcoefficient,dimensionless

CL airfoilliftcoefficient,dimensionless

—. —. —. — -.— ————————— --
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~c/4
pitding-moment
dimensionless

coefficientaboutquarter-chord

c airfoilchord,ft

P staticpressure,lb/sqft

!l dynamicpressure,lb/sqft

subscripts:

NACATN 3564

0

point,

i refersto initialconditions(cleanairfoil,hootdeflated)

z localconditionsatairfoilsurface

m free-streamconditions

DEKKCFTIONOFMODELANDEQUIPMENT ,,

ThemodelusedinthisstudywasanNACA0011airfoilof 87.4-inch
chord,spanningthe6-footheightofthe6-by 9-footicingresearch
tunnel(fig.1). Theairfoilwasequippedwitha 4-foot-spanpneumatic-

.

bootde-icercementedto a removableleating-edgesectionoftheairfoil.
Theentireairfoil,withtheexceptionoftheareacoveredbythede-
icer,wassteam-heatedtopreventtheaccumulationoffrostduetotun-
nelairturbulenceandsupersaturation.Twode-icersweretested,one
havingspanwiseinflatabletubesandtheotherhavingchordwisetubes.
Thetubearrangementandchordwiseextentofthetwode-icersareshown
infigure2.

Thechordwiseextentoftheinflatableareaofthespanwise-tube
de-icerwas7 inchesontheuppersurfaceand11.5inchesonthelower
surface.Aftoftheinflatablepsrtoftheboot,onbothsurfaces,was
a 3-inchtaperedareathatfairedthede-icerintotheairfoilshape
(fig.3). Theuppersurfacehadone1.25-inch-widetubeattheleading
edge,twol-inchtubes,andfive0.75-inchtubes;whilethelowersur-
facehadone1.25-inch,twol-inch,andeleven0.75-inchtubes.Thelast
sixtubesonthelowersurfacecouldbe controlledasa unitindependent-
lyoftheothertubes.Airfortubeinflationwassuppliedthrougha
chordwisemanifoldlocatednearthetunnel-floorendoftheboot. The
manifoldwasconnectedto a vacuumsourceforthedeflatedconditionto
avoidbulginginareasoflowlocalstaticpressureontheairfoilsur-
face.Thebootwasconstructedto allowalternatetubeinflation;the
“A”setoftubes(seefigs.2 and3)wereinflatedfirst,thenallowed
to deflatewhilethe“B”tribeswereinflated.Thetubescouldalsobe
inflatedsimultaneouslywhendesired.

—.— — . .—— —- ——..———
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Thechordxise-tubede-icerwassimilsrin constructionandover-all
dimensionstothespanwise-tubede-icer.Thechordwiseextentofinflat-
ableareawasthesaneforbothboots.Theinflatableareaofthe.chord-
wisebootconsistedof45 l-inchtubes,whichweresuppliedwithairfrom
a spanwisemanifoldlocatedonthebootlowersurface.Alternatetube
inflationwasusedonthisbootalso.

A timer-operatedsolenoiddistributingvalvecontrolledtheairand
vacuumsuppliestotheboot. !l?hisvalvenormallyalloweda vacuumof6
inchesofmercurytobe appliedtothetubes.EnergizingtheA solenoid
onthevalvechangedthebootA inletfromvacuumtopressure,andtheA
tubeswereinflated.AftertheA tubeswereinflated,thesolenoidwas
de-energized,andtheairinthebootdischargedtotheatmospherethrough
a ventinthedistributingvalve.Whenthebootpressurewasnearam-
bient,theportwasconnectedtothevacuum,anddeflationwascompleted.
TheB tubeswereinflatedhmnediatelyaftertheA solenoidwas
de-energized.

Airat 22poundspersquareinchwasnormallysuppliedtothedis-
tributingvalvefroma throttlingvslveconnectedto a high-pressureair
source.Forsomeofthetests,however,theinflation& pressurewas
vsriedfrom15to40poundspersqusreinch.Vacuumforbootdeflation
wassuppliedby an ejectoroperatingcontinuouslyfromthehigh-pressure
airsourceandwascontrolledby a vacuumregulator.Thedistributing
valvewasconnectedtothebootby flexibleairline~about10feetlong
and5/8-inchinsidediameter.Allcomponentsoftheairandvacuumsys-
temswerestandardaircraftpartsforthepneumaticbootde-icer.

Theairfoilmodelwasattachedtothetunnelbalanceframeby a
mountingplateweldedtothebottomoftheairfoil.Thebalanceframe
wasconnectedto a six-componentforcebalancesystem.Smallairgaps
wereleftbetweentheairfoilandthetunnelceilingandbetweenthe
mountingplateandturntableto isolatethemodelfromallbutaerody-
namicforces.Theforcesontheairfoilwererecordedsimultaneouslyby
an electricallycontrolledprintingmechanismateachbalancescale.

Airfoildragwasalsomeasuredby meansofan electricallyheated
wakesurveyrakelocatedl/4-chorddownstreamoftheairfoilatmidspan
(fig.l(a)).Therakehad80electricallyheatedtotal-pressuretubes
spacedonl/4-inchcentersandfivestatic-pressuretubesspacedon5-
inchcenters.Airfoilpressuredistributionwasmeasuredattwospan-
wiselocations(midspanand25in.abovemidspan)by meansofpressure
belts.Allpressuredatawerephotographicallyrecordedfrommnltitube
manometers.

. . Liquid-watercontentwasmeasuredly
ratemeter(ref.7). Icing-clouddroplet

“ viouscalibrationobtainedbyusingwater.
tion(ref.8).

meansof
sizewaE
droplets

a pressure-type
obtainedfroma
carryingdyein

icing-
pre-
solu-
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CONDITIONSANDPR@XIXJRW

Theinvestigationwasconductedunderthefollowingconditions:

Nominalairspeed,mph . . . . . . . . .
NominalReynoldsnuder,dimensionless
Angleofattack,deg . . . . . . . . .
Airtotaltemperature,OF . . . . . . .
iXquid-watercontent,g/cum . . . . .
Volume-mediandropletdiameter,microns
Maximumdropletti=eter,microns. . .
Icingperiod,min..... . . . . . .

. . . . . . . . . . 175and275

. . . . . . . . . 12and19x106

. ...0. . . . . . 0 to 9.3

. . . . . . . . . . . . oto30

. . . . . . ..*. 0.3 to 1.0

. . . . . . ... ..0 7 to 14

. . . . . . . . . . . 22to 50

. . . . . . . . . . 0.9 to 3.9

Thetu%einflationtimeforbothde-icerswaskeptconstantat 3
secondspersetoftubes,or 6 secondstotalforalternateinflationand
3 secondstotalforsimultaneousinflation.The3-secondperiodwas
chosenasrepresentativeofmostbootinstallations.Thetimerequired
forcompleteinflationmaybe moreorlessthan3 seconds,dependingon
bootcapacity.Cycletime,whichisdefinedasthetimefromthestart
ofoneinflationperiodtothestartofthenext,wasvariedfrom1 to
4 minutes.

To studytheeffectsofresidualiceonlift,drag,andpitch,a
particularicingcontitionandde-icingcyclewereset,andthemodel
wasallowedto iceandde-iceforabout30minutes.Duringthisperiod,
datawerenormallytakenbeforeandaftericeremovalforeachde-icing
cycle.Photographsofbothairfoilsurfaceswereusuallytakenbefore
andaftericeremovalforonede-icingcycleafterconditionswere
stabilized.

Icingrunswiththebootinoperative(deflated)weremadeto deter-
minetheeffectsofprimaryiceon airfoilaerodynamiccharacteristics.
Theairfoilwasallowedto collecticefor15to 30minutes,depending
ontheicingrate,anddatawererecordedat1-to 4-minuteintervals.
Photographsweretakenatfrequentintervalstorecordicesizeand
shape.Theamountoficecollectedwasestimatedfromexperimentalim-
pingementdata.Therateof collectionwasassumedconstantwithtime
inicing.

Beforemeasuringtheairfoildragwiththebootremoved,thealumi-
numleading-edgesectionwascarefullysandedto removeanysurfaceim-
perfections.To aidinanalyzingtheeffectsoficeonlairfoilliftand
drag,spoilerswereaddedtotheairfoilbycementingl/4-byl/2-orl/2-
by l/2-inchrubberstrips4 feetlongatvariouschordwisepositions.

Theeffectofairgapsattheendsoftheairfoilondragmeasured
by thebalancesystemwasdeterminedlycomparingtherakeandbalance-
systemdragcoefficientsobtainedindry&. Airfoildragmeasuredby

.

.

— —.—— ——



NACATN 3564 7

.

.

thebalancesystemwashigherthanthatmeasuredby therakelocatedat
midspan,probablybecauseof increaseddragattheendsoftheairfoil
resultingfromtheairgaps.A spanwisesurveyusinga smallmovable
rakealsowasmade. Theaveragebag forthe4-footlootsectionwas
essentiallyequaltothedragmeasuredatthecenterofthetunnel.Near
thetunnelfloorandceiling,however,thedragincreasedconsiderably
overthecenter-sectionvalue.Increasesindrag(dueto de-icerinfla-
tionorto additionofspanwisespoilers)measuredlythebalancesystem,
however,werethesameasfortherakeatmidspan.Itwasconcludedthat
thedragcoefficientsforthecleanairfoilshouldbebasedontherake,
butthatdragincreasesmeasuredby thebalancesystemwerevalid.
All.dragincreasesshown,therefore,wereobtainedfromthebalancesys-
tem,whileinitialdragvalueswereobtainedfromtherake.

Airfoilendeffectsonliftandpitchingmomentwerealsoevaluated
forthecleanairfoil.Airfoilliftandpitchingmomentwerecalculated
fromtheexperimentallydeterminedpressuredistributionandwerecom-
paredwithcorrespondingbalance-systemdata.Goodagreementwasob-
tained,indicatingthat,forthegapsizeandangleofattackrangecov-
ered(0°to 9.30),theairfoilendeffectsonliftandpitchingmoment
werenotsignificant.

Alldatapresentedarecorrectedfortunnel-wallinterferenceef-
fectsby useoftheequationsofreference9. Dragcoefficientsinpre-
viousicing-dragreports(refs.5 and6)werenotcorrectedforwall
interference.

RESUZTSANDDISCUSSION

Theresultsaxepresentedintwosections,thefirstofwhichis
concernedwithairfoilcharacteristicswiththede-iceroperating.The
effectsofresidualice,bootinstallation,andtubeinflationonair-
foilcharacteristics’arepresented.Fromthesedata,de-icingcycles
aredeterminedforminimumairfoildraginicing.Theeffectsof vsrious
methodsofbootoperationoniceremovalme shown.Inmostcases,data
arepresentedforboththespanwise-andchordtise-tubede-icers.

Thesecondsectionshowstheeffectofprimaryiceformationson
airfoilchsracteri.stieswiththede-icerinoperative.Airfoildragin-
creasesresultingfromiceformationsarecorrelatedwithsizeofice
accumulationforseveraltypesof ice. Theeero@mniceffectsofridge-
typeglaze-iceformationsarestudiedwiththeuseof spanwisespoilers.

Inthefollowingdiscussionallaerodynamiccharacteristicsare
presentedin coefficientform.Alldragvaluesgivenareairfoilsection
draganddonotincludeinduceddrag.Airfoilsectiondragmaybe only
1/8to 1/3ofaircrafttotaldrag,dependingonaircraftconfiguration
andoperatingconditions.

. . . — .——— .- —— —— -—-——— —.- _—— __
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AirfoilCharacteristicswithDe-IcerOperating

Typicalde-icingcharacteristicsofpneumaticde-icers.- Photo-
graphsshowingtypicalde-icingperformanceofthespanwise-and
chordwise-tubede-icersareshowninfigures4 and5 forvariousicing
andoperatingconditions.Bootinflationusuallyremovesthemainpart

,

ofaniceformationbutleavessmallflakesoficeonthehoot. Conse-
quently,airfoildragafterbootinflationIssomewhatgreaterthanthe
clean-airfoildrag.Inglaze-icingconditions(figs.4(c)and(d)),the o
spanwisede-icerusuallyremovesicemorecompletelythaninrime-icing E
conditions(figs.4(a)and(b)).De-icingperformanceofthechordwise

W

boot(fig.5)is similartothatofthespanwiseboot.

Typicalvariationofdrag,lift,andpitchingmomentwithicing
timeis showninfigure6 fortworime-icingconditionswiththespan-
wisebootoperating.Thelowicingrateoffigure6(a)increasesair-
foildragverylittle“duringtheicingperiod.Afterbootinflation,
thesmallamountofresidusliceleftontheboothaslittleeffecton
drag. Increasingtheicingrateandangleofattack(fig.6(b))in-
creasestherateofdragincreaseduringtheicingperiod.Afterice
removal,thedragishigherthaninfigure6(a)becauseoftheincreased I
chordwiseextentofresidualice. .

Variationofairfoilcharacteristicsinglaze-icingconditionsis
shownforthespanwisebootinfigure7 fortwo-icingperiods.Airfoil
dragincreasesrapidlyduringtheicingperiodof.figure7{a)butde-
creasestoneartheclean-airfoilvalueaftericeremoval.Airfoildrag
immediatelyfollowingiceremovalisconstantregardlessoftimein
icing.Forcomparison,airfoildragwiththebootinoperativeis also
showninfigure7(a).After16minutesicingtime,airfoildraghasin-
creased250percentwiththebootinoperative,whereasthedragincrease
isonly24percentsfter16minutesinicingwiththebootoperating.

Airfoildragwiththebootinflatedisalsoshowninfigure7(a).
Bootinflationincreasesdragabout105percentforthisangleofattack
(2.3°)inbothdryairandicing.
pitching-momentchangesresulting
air,aswillbe discussedlater.

Forhighicingratessuchas
timewouldbedesirabletoreduce
foilcharacteristicsme shownin

A detailedstudyoflift,drag,and
frombootinflationwasmadein dry

thatoffigure7(a),a shortercycle
averageairfoildraginicing.Air-
figure7(b)fora l-minutecycletime

atthesameicingconditionsasfigure7(a).-Thedragcoefficientbe-
foreiceremovalis dmut 0.0099forthel-minutecycle,co~aredwith
about0.0122forthe4-minutecycle.Aftericeremovsl,thedragcoef-
ficientisaboutthesameforbothde-icingcycles.

.

— .——————— — -...— —— —.——.—— . . .
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Effectofresidualiceondragandlift.- Thedragincreasere-
sultingwheniceremainsontheairfoilafterhootinflationis signifi-
cantasa measureofde-icereffectiveness.Thisdragincreasealso
representsthedragpenaltythatcontinuesafteranaircraftemerges
fromanicingencounter.

Theeffectoficingperiodonice-removaleffectivenessofthe
spanwise-tulede-icerwasstudiedforvariouscycletimesovera wide
rangeofoperatingconditions.Thedragincreaseduetoiceremaining
afterinflationwasusedasa measureof de-icingperformance.Ice
removalsometimesappearedto improveslightlywhentheicingperiodwas
increased.Thedragafterremoval.,however,didnotvaryappreciably
withicingperi6dfortherangecoveredinthetests(0.9to 3.9rein).

Theeffectofresidualiceonliftanddragisshowninfigure8 as
a functionofliftcoefficientforthespanwisede-icer.Eachliftor
dragdatapointshownrepresentsanaveragevalueforseveralcycles.
Thedragcoefficientaftericeremovalvarieswithchordwiseextentof
residualice,angleofattack,andwithliquid-watercontentathigh
anglesofattack.Airtotaltemperatureapparentlyhasno consistentor
significanteffectondragaftericeremovalintherangeinvestigated
(O”to30°F). Fora liquid-watercontentof0.5grampercubicmeter
andairspeedof175milesperhour(fig.8(a))jresidualiceincreases
dragshout7 to 14percentovertheclean-airfoildrag.Forthisair-
speedanda higherliquid-watercontent(1.0g/cum),however,thedrag
increasessregreater.At a liftcoefficientof0.4,thedragincrease
is15percentfor1.0grampermibicmeter,comp=edwith9 percentfor
a liquid-watercontentof0.5grampercubicmeter.Thedifferenceis
a resultofincreasedsurfaceextentofresidualicedueto impingement
fartheraftwiththeincreasedmsximumwater-dropletsize.Intheicing
tunnel,dropletsizeincreaseswithliquid-watercontentfora particular
airspeed(ref.8). Forliftcoefficientsof0.6to 0.8,thedragin-
creaseat1.0gam percubicmeteris50to 100percent.Althoughice
removalappearedtobe goodforthiscondition,smallspanwfseridgesof
icewereleftontheairfoilnesrtheleadingedge.At highanglesof
attack,theseridgescouldcauselargedragincreasesiflocatedonthe
uppersurface(ref.5).

At thehigherliquid-watercontent(1.0g/cum),lossesinliftdue
toresidualicevariedfrom5 to 13percentforliftcoefficientsfrom
0.4to0.8. Residualicehadlittleeffecton”liftforthelowerliquid-
watercontent(0.5g/cum).

Fora givenliquid-watercontent,dragincreasesduetoresidual
iceweregenerallygreaterforanairspeedof 275milesperhour(fig.
8(b)) thanfor175milesperhour(fig.8(a)).Thelargerdragincrease
at275milesperhourisa resultofgreaterextentofresidualicedue

-. ..-. .- —.——- _-—— .— .. . ..—-- ——-— --.— ——— _ .———. —
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to increasedmaximumwater-dropletsizeandhigherairspeed.Inthe
icingtunnel,dropletsizeincreaseswithwaterflowrate.Thewater
flowratemusthe increasedwithsirspeedtomaintaina givenliquid-
watercontent;conse~entl.y,dropletsizeincreaseswithairspeedfora
constantwatercontent.At 275milesperhour,hag increasedueto
residualicevariesfrom23to 37percent,comparedwith7 to 14percent
for175milesperhour.

Airfoildragwithstandardroughness(ref.10)isshowninfigure8
forcomparison.Standardroughnessconsistedof0.0Q046-chordgrains
distributedfromtheairfoilleadingedgeto 0.08chordonbothsurfaces.
Withtheexceptionofdataathighangleofattackandhighliquid-water
content,airfoildragwithresidualiceisgenerallylessthanwith
stan&rdroughness.Dragofthesmoothairfoilofreference10is lower
thanthatofthepresentcleanairfoil.Thisdifferenceisprobablydue
tothepresenceofthede-icerbootandtothehigherturbulencelevel
intheicingtunnel.

Generally,theice-removalcharacteristicsofthechordwise-tube
de-icerweresimilartothoseofthespanwisede-icer.Thedragincrease I
duetoresidualiceonthechordtisede-iceris showninfigure9 fortwo
airspeeds.Thedragincreaseat 275milesperhouristhesameforboth
boots. At thelowerairspeed,residualiceincreasesdragabout15per-

1.
centforthechordwiseboot,comparedwith7 to 14percentforthespan-
wiseboot.

Thedragincreaseduetoresidnal.icemaybe correlatedwithchord-
wiseextentoftheicefortheloweranglesofattack(0°to 4.60).The
increaseindrag(fig.10)increasesCUrectl.ywithchordwiseextentof
residualiceandisnotaffectedappreciablyby airspeed,angleof
attack,airtemperature,orliquid-watercontent,exceptastheyaffect
chordwise@ent ofresidualice. Thisrelationshouldbeusefulin es-
timatingdragincreasesduetoresidualiceforconditionsnotcovered
by thepresenttestsandforotherboot-equippedairfoilsof similar
thickness.Extentofresidualicemaybe calculatedfromairfoilim-
pingementdata,whicharenowavailablefora varietyofairfoils.

Comparisonofpneumaticde-icerwiththermalde-icingsystem.- A
thermalde-icingsystem,suchastheoneusedinreference5,usually
producesrutibackicingbehindtheheatedmea. Thisrunbackincreases
airfoildragandmaybe comparedwiththeresidualicethatincreases
airfoildragwiththepneumaticde-icer.Inrime-icingconditions,
smaU amountsofrunbackfromthethermalsystem(ref.5)hadlittleef-
fectondrag;whereasresidualicefromthepneumaticde-icerincreased
hag 7 to 37percent.Inheavyglaze-icingconditions,however,airfoil
dragaftericeremovalincreasedwithicingtimeforthethermalsystem .
andremainedconstsntforthepneumaticde-icer.A comparisonofair-
foildragincreaseforthetwotypesofde-icingsystemsisshownin

.
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figure11forheavy
werenotidenticsl,

IL

glaze-icingconditions.Althoughthetestconditions
theicingratesweresimilarforthetwocases.This

comparisonshowsthatdragaftericeremovalfora thermalsystemmay
becomegreaterafterseveral.de-icingcyclesthanforthepneumaticde-
icer.Figurel.1illustratesonlyonecaseforcomparisonpurposes,and
itmaynotbe typical..Otherairfoilshapes,testconditions,heating
rates,andsystemdesignsmightgreatlysllterthecomparison.

Airfoil&ragincreasedueto de-icerinstallation.- A de-icerin-
stallationthatincreasesairfoildragwillaffectaircraftperformance
eventhoughicingconditionsarenotencountered.Theadditionof old
typebootsto a smoothairfoil(ref.3)increasedairfoildraghy13to
29percent.Installationofpresent-dayde-icerbootsincreasedairfoil
drag12to 23percentforonesmoothairfoil,and25to 100percentfor
another(ref.4). Boththeairfoilsshowninreference4 hada drag
coefficientofabout0.0070withthepresenttypeofbootsattached.
However,someof,thepracticslconstructionairfoilstestedinreference
4 havingsurfaceirregularitiesbutno de-icerbootshaddragcoeffi-
cientsequalto orgreaterthan0.0070.

Thedragcoefficientofthepresentairfoilwithbootattachedis
alsoabout0.0070forthesameliftcoefficientasthetestsofreference
4 (% = 0.3).Removingthebootfromthepresentairfoil,however,had
no effectat 275milesperhourandreduceddraglessthan5 percentat
175milesperhour(fig.12). Presentairfoildragwiththebootat-
tachedisabout15to 30percenthigherthandragofthesmoothairfoil
ofreference10,obtainedina low-turbulencetunnel.Thehighertur-
bulenceoftheicingtunnelandthesurfaceimperfectionsonthepresent
airfoilprobablys.reresponsibleforthedifferencebetweenthepresent
bare-airfoildrag(bootremoved)andtheairfoildragfromreference10.

Thedragincreasedueto installationofde-icerswillvarywidely,
dependingonairfoiltypeandsurfacecondition,operatingconditions,
andtypeofbootinstallation.Addingbootsto a smoothairfoilcould
increasedrag12to 100percent,whileaddingbootsto a airfoilhaving
surfaceirregularitiescouldhavelittleorno effectondrag.

Effectofbootinflationonairfoilcharacteristics.-Airfoildrag
withthebootinflatedaswellm dragduringtheicingperiodmustbe
knowninorderto determinethecyclethatwillyieldminimumdragfor
a particularicingandoperatingcondition.Inasmuchasairfoilcharac-
teristicsatthemomentofinflationofthespanwisebootwereaboutthe
sameindryairas inicing,a studyofboot-inflationeffectson air-
foilcharacteristicswasmadeindryairwithboththespanwise-and
chordwise-tubede-icers.

Airfoilcharacteristicswiththespanwisebootinflatedareshown
infigure13fortwoairspeeds.Theincreaseindragduetobootinfla-
tionv=iesfromabout100to 165percentatanairspeedof175miles

—-——..— .—— ——.-...————— —. ..—— ——-———
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. perhour(fig.13(a)).Thegreatestdragincreaseisobtainedatthe
highestvalueofliftcoefficient.AirfoildragwithB tubesinflated
is slightlyhigherthanwithA tubesinflated.Leavingthelastsix
tubesonthelowersurfacesdeflateddecreasedtheboot-inflateddrag
onlya smallamount.Bootinflationdecreasedlift6 to 10percentfor
a rangeofanglesofattackfrom2.3°to 9.3°.Pitching-momentcoef-
ficientincreasedlinearlyfromO to 0.015 withincreasingangleof
attack.Similarresultssreshowninfigure13(b)foranairspeedof
275milesperhouranda rangeofanglesofattackfrom0°to 4.6°. One
titspointwasobtainedat 2.3°angleofattackwithalltubesinflated

o
%

simultaneously.Thedragincreaseforsimultaneoustubeinflationwas m
only65percentcomparedwith120percentforalternateiaibeinflation.
Withalltubesinflatedtheforwardpartoftheairfoilisthickened
slightly,butthesurfaceisnotsodisconti.puousaswithalternate
inflation.

Thedragincreasedueto inflationofthechordwise-tubede-icer
wasalsoobtainedindryair(fig.14]. Inflatingthebootincreases
dragonly5 percentandhasno effectonlift. Inflationofthechord-
tisetubesforms-ridgespsrallelto theairstresmthathavemuchless

,,

effectondragthanthespamwiseridgesformedby inflationofthespan-
tisetubes.Thedragincreaseforinflationofthechordwisebootwas
substantiatedbycomparisonwiththedataofreference11.

.
Thesedata

showthatthedragincreasetieto chordtiseprotrusionsisproportional.
totwicetheincreaseinsurfacearea.Theincreaseinexposedsurface
dueto inflationofthechordwisebootis1.8percent.Thus,.thepre-
dictedincreaseindragis3.6percentcomparedwiththemeasuredvalue
of5 percent.

Thedragincreasedueto inflation,averagedovera completecycle,
wouldbe only1/10to 1/40ofthevaluesshowninfigures13and14
(assuming6secinflated,andO.9to 3.9mindeflated).Valuesofthe
averagedragincreasedueto de-iceroperationindryairareshownin
figure15. Alternateinflationofthespanwisebootincreasedtheaver-
agedrag10to 16percentfora l-minutecycle,butonly2.5to4 percent
fora 4-minutecycle.Thedragincre=ewithsimultaneoustubeinflation
isconsiderablylower;fora l-minutecycleand2.3°angleofattack,the
increaseinaveragedragis 3.2percentcompsredwith10percentforal-
ternatetubeinflation.Thelowerdragisa resultofreductioninboth
instantaneousdragdueto inflationandininflationtime. Inflationof
thechordwisebootcauseda negligibleincreaseinaverageairfoildrag.

Averageairfoildraginicingwithbootoperating.- Fora partic-
ularicingandoperatingcondition,thede-icingcycleshoul.dbeselected
sothatairfoildragaveragedovera cycleisa minimum.Inasmuchas in-
flationofthechordwi.seboothada negligibleeffectonairfoildrag,
theshortestde-icingcycleused(1tin)alwaysyieldedtheminimumaver-
ageairfoildraginicingforthechordwiseboot. Forthespanwiseboot,
however,averagedraginicingmustbe evaluatedto determinetheoptimum “
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cyclefora give~icingandoperatingcondition”.Averagedragincrease
inicingwasdeterminedforthespanwisebootfromfigure16andother
similarplots.Thesedragincreasesfora varietyoficingconditions
areplottedinfigure17as a functionofcycletime.Forthelowerice-
accretionrates,theaveragedragincreasereducesslightlywithincreas-
ingcycletime.Thedifferencein dragincreasebetween4-andl-minute
cycles,however,isonly2 to 6 percent.Forhigherice-accretionrates,
theaveragedragincreaseisgreaterforthelongercycles.Foranice-
accretionrateof4.8poundsperhourperfootspanandglaze-icingcon-
ditions,thedragincreaseforthe4-minutecycleisdoublet@atfora
l-minutecycle.A fixedde-icingcycleis oftendesiredtosimplifyde-
icercontrols.Wherethisisthecase,theshortcycle(1rein)repre-
sentsthebestcompromiseforthespanwisede-icer.

Effectofvariousmodesofbootoperationoniceremoval.- The
effectsoniceremovalof (1)inflationairpressurej(2)simultaneous
tubeinflation,(3)increasedti-supply-linelength,and(4)a coating
thatreducesiceadhesionwereinvestigatedwiththespanwise-tubede-
icer.

Foronerime-icingconditionatanairspeedof 275mphandangleof
attackof 2.3°,theinflationairpressurewasvariedfrom15to 40pounds
persquareinch.Theiceremomlappearedtobe slightlybetterat 22
thanat15poundspersquareinchandaboutthesameat 30and40 asat
22poundspersqusreinch.Airfoildragafterremovalwasessentially
constantregardlessofinflationairpressure.Itmaybe concludedthat
inflationairpressuredoesnothavea significanteffectonice-removal
effectivenessfortherangefrom15to40poundspersquareinchfor
thisinstallation.

Ice-removalcharacteristicsanddragafterremoval’werestudied
foroneicingconditionwithsimultaneousinflationandwerefoundto
be thesameaswithalternateinflation.Simultaneoustubeinflation
hasseveraladvantagesoveralternateinflation.First,theaverage
dragincreasewithsimultaneousinflationisaboutone-ttidofthatfor
alternateinflation(fig.15). Second,thesmountofair-supplyhose
fromthedistributingvalveisreducedbyhslf,asonlyoneconnection
perbootisrequired,ratherthantwo. Also,thebootmanifoldsizeis
reducedby‘half.Theoilydisadvantageisthattheinstantaneousair-
flowrateisdoubled.Wheretheavailableairsupplypermits,siual.ta-
neoustubeinflationshouldbe consideredforthespanwiseboot.

Incaseswherespaceandaccessibilityarecritical,itmightbe
desirableto locatetheair-distributingvalveswithintheaircraftfu-
selageratherthancloseto eachboot. However,thelonglinesrequired
forsuchaninstallationmighthaveadverseeffectsoniceremoval.De-
icingtestsweremadewith40feetof’air-supplylineaddedtotheexist-
inglines,makinga totallengthofover50feet.Thetimerequiredfor “

—. . ..— —— —... ——. — —. _.. ——— ——-——
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bootdeflationincreasedwiththelongerlines,butno effectontime
forinflationwasapparent.Thedragaftericeremoval,however,was
thesamewiththe50-footsupplylinesaswiththeshortsupplylines.

A coatingtoreduceiceadhesion,whichwassuppliedbythede-icer
bootmanufacturer,wastestedbriefly.Thefirsttestsweremadewith
thelowerhalfofthebootcoated.Thecoatedhalfofthebootshed
considerablymoreicethantheuntreatedhalf(fig.18). Theentireboot
wasthencoated,anddatawereobtainedforseveralde-icingcycles.The o
averagedragincreaseduetoresidualicewas17percent,comparedwith %
about40percentfortheuntreatedboot. Aftersevencycles,thedrag m
aftericeremovalwasstillapproximatelythesameasforthefirstcycle.
Sincesomeofthecoatingisremovedat eachinflation,thecoatingwill
eventuallywearoffandhavetobe replaced.Testswerenotmadeinthe
icingtunnelto determinethetimerequiredforthecoatingtowesroff.
However,datapresentedinreference12 showthatafter26de-icing
cyclesallthecoatingwasremoved,andtheiceadhesionforceswerethe
ssmeasfortheuntreatedrubbersurface.FIJghtthroughrainmayalso
removepartofthecoating,reducingitseffectiveness.Forsmallair-
planeswheretheairfoilsurfacesareeasilyaccessible,thecoating
shouldbe useful.Forlargeaircraft,thedifficultyandexpenseofap-
P~W3 ~d renewingthecoatingmight-outweighthei&provementin ice
removal.

EffectofPrimaryIceFormationsonDrag,Lift,and

PitchwithDe-IcerInoperative

Airfoilcharacteristicsinicingwiththede-iceroperatinghave
beendiscussed.Theneedfora de-icingsystemcanbedeterminedfor
Particular aircraftandflightplaniftheaerotiamicpenaltiesin-— —
curredinicingconditionswithnoprotectionareknown:Thissection
presentsatifoillift,drag,andpitchinicingwiththede-icerinoper-
ative.Theaerodynamiceffectofice-formationheightandlocationis
alsodeterminedby meansof spanwisespoilers.

Typicalprimaryiceformations.- !&picalrime-iceformations,char-
acteristicofthelowerairtemperaturesandicingrates,areshownin
figure19. Theformationsarerelativelystreamlinedand,foricing
timesof11to 15minutes,increaseairfoil.dragIllto 36percent,de-
pendingonthesizeoftheiceformation.Theiceformationinfigure
19(b)isabout3 timesaslarge,ona calcul.atedweightbasis,asthat
offigure19(a),andthedragincrease(36percent)isabout3 timesas
great.

At a lowairtemperatureandhighliquid-watercontent,a glaze-
rime-iceformation,suchasthatshowninfigure20,mayresult.Glaze

.
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iceformsintheheavyimpingementregion
backontheairfoil,rimeiceformswhere
Thisiceformationincreasedairfoildrag
8 percent.

15

neartheleadingedge.Farther
impingementratesarelow.
120percentanddecreasedlift

Typicalglazeice,formedata highairtemperatureandmoderate
icingrate,isshowninfigure21. Theiceformationis slightlyrougher
andmoreirregularthanthatofrimeice(fig.19). Thisglaze-icefor-
mationincreasesairfoildrag45percentanddecreaseslift3 percent.

Ridge-typeglaze-iceformations(fig.22),whichformathighair
temperature(25°F) andhighicingrates,causelargeincreasesin drag
andlossesinlift.At a lowangleofattack(fig.22(a)),twodistinct
ridges,oneontheuppersurfaceandoneonthelower,maybe seen.For
thehigherangleofattack(fig.22(b)),a distinctridgeisformedonly
ontheuppersurface.Theformationoffigure22(a)increasesdrag275
percent,whilethatoffigure22{b)increasesdrag200percent.Both
formationsdecreaselift11percent.

Variationof drag,lift,andpitchwithicingtime.- Theeffectof
rime-iceformationsonairfoilcharacteristicsis shownasa fuhctionof
icingtimeinfigure23fortwoconditions.Thedraginfigure23(a)
increasesonly20percentin16minutesbecauseofthelowrateof ice
accretion.Changesinliftandpitchforfigure23(a)arenegligible.

Theblgherice-accretionrateandangleofattackoffigure23(b)
resultina dragincreaseof73percentin16minutes,butonlya 3-to
4-percentlossinlift.Liftdecreasesslightlyatfirst,thenbecomes
practicallyconstant.Pitching-momentcoefficientincreasesslightly
(0.004)inthefirst2minutesandisconstantthereafter.

Theaerodynamicpenaltiesaremuchmoresevereforridge-typeglaze
icethanforrimeice. Glazeicethatformsspanwiseridgesontheab-
foildisruptstheflowandmaycauseflowseparation.Thedragincrease
fortheridge-typeglazeiceoffigure24(a)is 253percentin16minutes,
comparedwith73-percentincreaseforthesameexposuretorime-icing
conditions(fig.23(b)).Ridge-t~eglazeiceat7.0°angleofattack
(fig.24(b)) increasesdrsg220percent,reduceslift11percent,and
increasespitching-momentcoefficientby 0.02inonly12minutes.Pro-
longedflightinicingconditionssimilartothoseoffigure24would
requiresomeformoficingprotection.Theneedforprotectionforshort
icingexposuresandinmildericingconditionsshouldbedeterminedly
operationalanalysesofthepresentandsimilardataforeachspecific
problemarea.

Correlationofdragandliftchangeswithsizeoficeformation.-
Theincreaseinairfoildragdueto aniceformationisa functionof
thesize,shape,andlocationoftheice,andofairfoilangleof attack.
Fora giventypeandshapeoficeformation,it shouldbepossibleto

_. -——-—_—— .-—— -. .-——.— ————
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correlatedragandliftchangesasa functionofmountof iceaccumu-
latedata particularangleofattack.Accordingly,airfoildragand
liftchangesduetoprimaryiceformationsareplottedinfigure25
againsticeaccwmdationfor0°to 9.3°anglesofattack.Theamountof
icecollectedwascalculatedfromexperimentalimpingementdata.Air-
foilcollectionefficiencywasassumedconstantwithtimeinicing.For
rime-iceformation,0.5poundperfootspanoficeincreasesdrag38to
67percentanddecreasesliftup to4 percentforanglesofattackfrom
0°to4.6°.Thesameamountofridge-typeglazeiceincreasesdrag124
to 230percentanddecreasesliftup to 20percentforanglesof attack
fromOOto 9.30.ThedragincreasewithMght glazeiceisno ~eater
thanwithrimeice. Dragincreasewitha glaze-rime-iceformationis
greaterthanforrimebutlessthanforridge-typeglazeice.

.

Thedragdataoffigure25arecross-plottedinfigure26against
angleofattackforrimeandridge-typeglazeice. Withrimeicethe
dragincreaseisconstantfrom0°to 2°,thenincreasesfrom2°to 5°.
Thedragincreaseisroughlyconstantfrom0°to about6°angleof at-
tackforridge-typeglazeicebutincreasesrapidlywithanglesof at-
tackover6°. Thedragincreasefor0.3poundperfootspanofridge-
typeglazeiceisaboutthesaneasfor1.2poundsperfootspanofrime.

A smalliceformationaccumulatedat lowangleofattackcanin-
.

creasedraggreatlywhenangleof attackisincreasedforlanding.The
datashowninfigure27wereobtainedbyallowingiceto accumulatefor
12to 28minutesat0°,2.3°,or4.6°angleofattackandthenincreas-
ingtheangleto simulatea landingapproach.Rimeicethatformedat
0°angleofattackat 275milesperhourincreaseddragby about25per-
cent.Increasingtheangleto4.6°,however,resultedina dragincrease
of122percentofthebareairfoildragat4.6°,comparedwitha 65-
percentincreaseforthesameamountof iceaccumulatedat4.6°(dashed
curve,fig.27). Thedragcurvesforiceformedat 2.3°or 4.6°havethe
sametypicalshapeasthecurvesforiceformedat zeroangleofattack
butaremerelyshiftedtotherightofthem.Althoughmaximum-liftdata
werenotobtained,theshapeoftheliftcurveathighanglesof attack
showsthata largelossinmaximumliftmaytakeplace.

Explanationofaerodynamiceffectsof airfo~icingby useofrec-
tangularspoilers.- A clearunderstandingoftheaerodynamiceffectsof
airfoilicing,asmeasuredexperimentallyinicingconditions,isham-
peredbythecomplexshapeoftheice. Itisdifficulttomeasuredis-
tancesalongtheconvolutionsoficegrowthsandto determinewhichpart
oftheiceformationissignificantandwhichisincidental.Existing
datainticatethaticeconstitutingonlya rougheningofthesurfacemay
havea relativelysma12aerodynamiceffect,whileridge-typeiceresem-
blinga surfaceprotrusionor spoilerhasmch largeraerodynamiceffects.
Tobetterunderstandtheaerodynamiceffectscausedbyprotuberantice,
spanwiserectangularspoilersoftwoheightsrepresentativeofice-
formationthicknesseswerecementedtotheairfoilatvariouschordwise

.—
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positionsatwhichheavyiceaccretionshavebeenobserved.By this
means,theeffectof spoilerheightsandchordwiselocationasfunctions
ofangleofattackweredetermined.Theseeffectsareindicativeofthe
aerodynamiceffectsobtainedwithactualiceformations,butnotneces-
sarilypredictiveof quantitativemeasurements.

Theaerodynamiceffectsofl/4-inch-high(0.00286-chord)spatise
spoilersat variouschordwiselocationsaresham infigure28(a).For
theuppersurface5-percent-chordlocation,thepresentdataareingood
agreementwiththoseofreference13. Thedragcoefficientswithspoilers
at1-or 2.5-percentchordarelowerthanthoseat5-percentchordforlow
liftcoefficientsbutme mch higherathighliftcoefficients.Thedrag
coefficientwitha spoileronthelowersurfacedecreasesasthelift
coefficientincreases.Effectsofspoilerson.liftandpitching-moment
coefficientsarealsoshowninfigure28(a).Similarresultsobtained
withl/2-inch-highspoilersareshowninfigure28(b).Boththepresent
dataandthoseofreference13 showthatdragincreasevariesapproxi-
matelylinearlywithspoilerheight.

Theeffectof spoilerchordwiselocationondragisshownin fig-
ure29by combiningpresentdatawiththatofreference15. Thedrag
increasewithl/4-inch-highspoilersisplottedagainstspoilerdistance
fromtheairfoilleadingedge.Onthelowersurface,airfoildraggen-
erallyincreaseswithspoilerchordwisedistancefromtheleadingedge.
Spoilerslocatedinthestagnationregionapparentlyhavelittleeffect
onairfoildrag.Ontheuppersurface,dragincreaseswithspoiler
chordwisesurfacedistancefor0° and2.3°angleofattack.Forthe
higheranglesofattack,dragincreasessharplyfromzeroto about1-
percentchordandthendecreasesrapidly.Themaximumdragincrease
usuallyoccurswhenthespoilerismountednearthepointof”~mum
localairvelocity.Thevariationoflocalairvelocityforthebare
airfoilis showninfigure30by theplotofairfoilpressuredistribu-
tionfortwoanglesofattack.Maximmairvelocityis obtainedatthe
msximumnegativevalueofpressurecoefficient.Thesimilarityin shape
betweenthecurvesoffigures29and30indicatesthatspoilerdrag
variesalmostdirectlywiththelocalairvelocitydistributionatthe
spoilerlocation.

Thedataoffigure27,forwhichtheiceformationsmaybe regarded
asprotuberances,areconsistentwiththedataoffigures29and30.
Althoughtheiceshapesandlocationswerenotpreciselyknown,theywere
constantwithangleofattack,andthedragtrendswerethesameaswith
rectangularspoilers;namely,drsgincreaseswithaugl.eofattackfor
protuberancesclosetotheleadingedge.As theangleofattackin-
creases,thepointofpeakdragincreasemovestowardtheairfoilzero-
chordline(fig.29). Inthisregion,tisgmayincreasefromzeroto a
maximumofseveraltimesthebare-airfoildragina distanceoflessthan

_——.—.— -..—— —.-— — — -—— —--
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b

1 inchforthepresentairfoil.Becausethedragof spoilersvariesso
rapidlyinthisregion,ananalysisofdragdueto iceformationsob-
viouslyrequiresprecisemeasurements,includinganaverageoftheice
heightandvariousshapefactorsnotyetinvestigated.

Elsewhereovertheairfoilandatloweranglesofattack,theloca-
tionofprotuberancesisnotsocritical.Reasonablepredictionsofdrag
oficedairfoilsmaybe madefromthespoilerdataofreference13 and
thepresent investigation.Examplesofpredictionsofthisnatureare
giveninreference5. 5’

k’

SUM.MKRYOFRESULTS

Theresultsofa studyto determinetheeffectsofpneumaticde-
icersandiceformationsonaerodynamiccharacteristicsofanNACA0011
airfoilmaybe sumarizedasfollows:

1.Bootinflationremovesthemainpartofaniceformation.Ice
remainingafterinflationofa spanwise-tubede-icerincreasedairfoil
sectiondrag7 to 37percentforthefollowingconditions:anglesof
attackfrom0°to 4.6°,airspeedsof175and275mph,glaze-andrime-
icingconditions,airtotaltemperaturesfromO0 to 30°F, liquid-water

.

contentsfrom0.3to 1.0grampercubicmeter,an@cycletimesfrom1 to
4 minutes.Fortheseconditionsthedragincreasedependedprimarilyon
chordwiseextentofresidualice. Inheavyglaze-icingconditions(1.0
g/cum liquid-watercontentand25°F airtotaltemperature)athigh
anglesofattack(4.6°to 9.30),iceremainingafterinflationincreased
airfoildrag15to 100percent.Fora givenoperatingcontition,the
dragincreaaedueto residusliceusuallywasconstantregardlessofthe
nunberofde-icingcycles. “hhnimumairfoildragin icing(averagedover
a de-icingcycle)wasusuallyobtainedwitha short(about1 rein)de-
icingcycle.Alternatetuibeinflationoftheepanwisede-icerin dry
airincreasedairfoilsectiondrag100to 165percentanddecreasedlift
6 to 10percent.Averagedovera l-minutecycle,thedragincreasewith
alternateinflationindryairvariedfrom10to 16percent.Simulta-
neousttieinflationreducedthe10-percentincreaseto 3.2percent.

2. Ice-removalcharacteristicsofa chordwise-tubede-icerwerethe
sameasforthespanwise-tubede-icer.Minimumdrfoildraginicing
usingthechordwisede-icerwasalwaysobtainedwitha short(1tin)de-
icingcycle.Inflationofthechordwisede-icerindryairincreased
sectiondragonly5 percent,hadno effectonlift,andhadnegligible
effectonairfoildragaveragedovera cycle.

3.Withthede-icerinoperative,rime-iceformationsof0.5pound
perfootspanincreasedsectiondrag38to 67percentanddecreasedlift
up to4 percentforanglesofattackfrom0°to4.6°.Thesameamount .
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ofridge-typeglazeiceincreaseddrag124to 230percentanddecreased
liftup to 20percentforanglesofattackfrom0°to 9.3°.Increasing
theairfoilangleofattackwithevena smalliceformationontheair-
foilcancauselargeincreasesin dragandlossesinlift.Spanwise
spoilersmountedat variouschordwise~ositionswereusedtohelpdeter-
minetheeffectofsizeandlocationofridge-typeiceonairfoildrag.
Suchdragwasfoundto varyalmostdirectlywithspoilerheightandthe
localairvelocityoverthebareairfoil.
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.

Beforeiceremoval.Sectiondrag
coefficient,0.00S2.

Aftericeremoval.Sectiondrag
coefficient,0.00s1.

(a)Rtieice. Angleofattack,OO;airspeed,175mph;tota~airtemperature,10°F;
liquid-watercontent,0.5&rampercubicmeter;initialsectfondragcoefficient,0.0072.

Figure4. - l“TPicalicef-tions onairfoilwithspanwise-tubede-iceroperating.
Icingperiod,3.9minuten.
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Lowersurfacebeforeiceremoval. her surfaceaftericeremoval.
Sectiondragcoefficient,0.0106; Sectiondragcoefficient,0.0092;
liftcoefficient,0.196. lwt coefficient,0.198.
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Uppersurfacebeforeiceremoval. Upperswfaceaftericeremoval.

(b)Rtieice. Angleofattack,2.S0;airspeed,Z75mPh;totalairtemperature-,10°F; .
liquid-watercontent,0.5grempercubicmeter;initialsectiondragCoeffichrtj0.006S;
initialliftcoefficiemb,0.200.

Rigme 4.- Contimued.Typiaalicefommtionsonairfoilwlthspanwiee-tubede-icer
operating.Icingperiod,3.9minutes.

— .—— -



28 NACATN 3564

.

Beforeiceremoval.Sectiondrag
coefficient,0.00S6.

(c)me ice. AngleofatickjOO;airsped,
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.

E
m
o

.

Aftericeremo’val. Sectiondrag
coefficient,0.0076.

175mph;t-l ah temma+mre,25°F; .
—.

liquid-watercontent,0.5gramperoubicmeter;initialsectiondragcoefficient,0.0072.

Figure4. - continued.T@icaliceformtionsona=oil wl%hapanwhe-tubede-icer
operating.Icingperiod,3.9miJIU’t8S.
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Lowersurfacebeforeiceremoval.
Sectiondragcoefficient,0.0189;
UJftcoefficient,0.556.

L— -A

Uppersurfacebefor~iceremoval.
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Icmr surfaceaftericeremoval.
Sectiondragcoefficient,0.0122;
lif%coefficient,0.578.
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‘L
Uppersurfacetier icerenqal.

(d)Ridge-me glazeice. Angleofattack,7.0°;airapeedr175mphjtot.alair
temperature,25°F; Uquid-watercontent,1.0- percubicmeter;initialsection
dragcoefficient,0.0066;initiallMt coefficient,0.619.

\.s ,,

Ffgwe 4. -“Concluded.“Typicaliceformationsonairfoilwithquy@-tube @-\cer
operating.Icingperioa,3.9mfnute6.
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13eforeiceremoval.Sectiondrag
Coefflciti,0.0385.

(a)Angleof attack,OO;3nltialBectiondrag

Figure5.- !&picalrtie-icefamatlonsonafioil
Mrspeed,175mph;totalairtemperate,10°F;
cubicmeter;icingperiod,5.9udmutes.

IiACATN 3564
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Aftericeremoval.Sectiondrag
Coeffiuie?rt,o.ca32.

CoefficientjO.cql.

withchordwlse-laibede-iceroperating.
liquld-watercontent,0.5gramper
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Iuuersurfaoebeforeiceremval.
Sectiondragcoefficient,0.00S7;
liftcoefficient,0.186.

. Iauersurfaceafter iceremoval.
Sectiondragcoefficient,0.0083;
liftcoefficient,0.188.

(b)Angleofattack,2.3°;initialsectiondragcoefficient,0.0074;initiallift
coefficient,0.196.

Figure5.- Concluded.Typicalrtie-iceformationsonairfoilwithcbordwlse-tube
de-iceroperating.Airspeed,175mph;totalairtemperature,10°F; Ilquid-water
content,0.5grampercubicmetem;icingperiod3.9minutes.
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lY&ne 6. - Typical~ati& ofzirfoilsectiondrag,lift,andpitching~nt
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(a)Airspeed,175mph.
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(b)Ajrapeed,275mph.

Fiuure9.- EffectofresidualIceonatioildragforchorduise-tube
iie-icer.Liquid-waterContent, 0.5gramper@–iC Efker.
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Figure10.- Dragticreaaeaa~tion oftotalchordwiaeextentofresidual
ice. Icingperiods,0.9to3.9ndnutes;totalairtemperature,0°to 25°F;
apentise-tubed.e-icer.
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Figure15.-Averageairfoildragincreasedueto de-tcer
operationin dryairasfunctionof cycletime.
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lH.gure16.- Typical determinationof averageairfoildragin icingwith
spanwise-tubede-i.ceroperating.Airspeed,275mph;angleof attack,
2.3°jtotal& temperature, 25°Fj liquid-watercontent,O.5gramper
cubicnter.
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Figure17.- Averageairfoil drag Increase in icingwith spanwisede-icer
operatingasfunctionofcycletime.
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Imer am-facebeforeIceremoval.

Figure18.- Effectof coatingtoreduce
of 6panwise-tubede-icers.War half

Loweramfaceaftericeremoval.

Lceadhesionon ice-removalche2acteri6tlc8
ofbogtcoated.Angleofattack,4.6°;

&speed, 275mph;totalairt&mrat’me,10°F; icingpm-cd,3.9des. “
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(a)Angleof attaok,OO;aimpe~
1~ mph;iaing time,U *teSj
iceaacumulatlun,0.16poundper
footspan;Beutiondragcoefficient,
0.0060;initialsectiondragcoef-
ficient,0.0072.
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(b)Angleofattack,OO;airspeed,
275mph;icingthe, 12minutes;
iceaccumulation,0.52poundper
footspan;sectiondragcoefficient,
0.0090jinitialsectiondragcOef-
ficielrt,0.0066.

Uppmmmfaoe Iawr time

(c)Angleofattack,2.3°;aimpeefi,175mph;icingthe,15minutes;Iceaccumulation,
0.22p~na perfoot-j sectiondragooefficiemt,0.0069;initialsectiondrag
coefficient,O.0075;liftcoefficient,O.192;initialWTt coeffiuiemt,0.194.

Figure19.- TypIoalrime-ioefommti~ ona~oil.!l!otalairtemperature,10°F; W@&
watarcontent,0.5grampercubicmeter.
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Figure20.- Glaze-rime-iceformationsonairfoil.Angleofattack,9.3°;airapeed,175mph;
totalairtemperatnn’e,10°F; liquid-watercontent,1.0grampercubicmeter;icingtime,
10minutes;iceaccumulation,1.881- perfoot~; section-dragcoefficient,O.0230;

.

initialsectiondragcoefficient,0.0103;Mft coefficient,0.752;InitialM%
.coefficient,0.820. .



NACAm 3564 47

I
Uppermmface Lowersurface

Figure21.- Typicalglaze-iceforlmtionsonairfoil.Adgl.eofattack,7.0°;
airspeed,175mplq~tal airtemperature,25°F; liquid-waterccnt~, 0.5gremper
cubicmeter;icingtime,26minutes;Iceaccumulation,0.45poundPerfootepan;
sectiondragcoefficient,0.0127;Wtkl. sectiondragcoefficient,0.CW’7;lift
codficient,0.592;initialliftcoefficient,0.61.3.
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(a)Angleofattack,2.3°;airapeed,Zt5mphJliquid-waterccmt’ent,0.5~emper
cubicmeter:icinutime.18minutes:iceaccumulation,0.81_ PW footEP~;

II$4

-—-—. —. . —–—
sectiondragcoefficf~,0.0254;~tial seotiondragcoefficient;0.CQ68;
~ CO#fiCi*, 0.180;fit~ ~ co~ici~> 0.202.

—

4
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(b)Angleofattack,7.0°;airepeed,175mPh;liquid-watercontent,l.Ogramper
.

cubiomet=; icing time,10minUtWJ;iceaccumnlatlon,0.73POtIdp=footS’P8?lj
sectiondragcoefficient,0.0260;initialsectiondragcoefficient,0.0086;~
coefficient,0.547;initial.lWt coefficient,0.619.

.

Figure22.- T@calridge-@pe glaze-iceformationsonairfoil.Totalah tempera-e,25°E’.
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liquid-watercontent,
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F@ure 24. - Typicalvariationofsectiondrag,Mft, andpitching-
mamentcoefficientswithglaze-iceformationsonairfoil.Totalair
temperature, 25°F.
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Figure25.- Concluded.Airfoilsectiondragand liftchangesas func-
tionof iceaccumulation.
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